Back in the 1970s, ecologists and conservationists were debating whether the insights from island biogeography also applied to small patches of conserved wilderness on dry land. Specifi cally, faced with the loss of wilderness and the urgent need to save some of it in order to avert mass extinctions, they asked whether it was better to preserve a given amount of land as a single large reserve or as several small reserves. The data available at the time were insuffi cient to give conclusive answers, so several researchers set out to address the issue.
Thomas Lovejoy, then at the World Wildlife Fund US, devised a large-scale experiment in the Brazilian Amazon, which in 1979 was offi cially launched with the backing of Brazil's National Institute of Amazonian Research (INPA) at a site some 80 kilometres north of the city of Manaus in the central Amazon. The study area comprises around 1,000 km 2 , which were at fi rst studied in their natural state, and then split up into fragments of different sizes, while the areas between them were converted to cattle ranches.
The fragments created for the project include two of 100 hectares, four of 10 hectares, and eleven of 1 hectare surface area. Larger areas of undisturbed forest nearby were also included in the study for control measurements.
Nearly four decades later, the project is now known as the Biological Dynamics of Forest Fragments Project (BDFFP) and it is run jointly by INPA and the Smithsonian Tropical Research Institute. It has become one of the largest biological experiments of all time and has generated vast amounts of results. It has produced over 700 scientifi c papers and more than 200 PhD and masters theses, educated hundreds of students and hosted more than 1,000 interns.
In a recent comprehensive review of the lessons learned from the project, Bill Laurance from James Cooke University at Cairns, Australia, and colleagues including founder Thomas Lovejoy analyse not only the effects of fragmentation on the local fl ora and fauna, but also how these interact with larger scale disturbances including those caused by climate change and extreme weather events (Biol. Rev. (2017) http:// dx.doi.org/10.1111/brv.12343).
Life on the edge
Major threats to smaller forest fragments tend to arise from the edge of the forest, where it is vulnerable to all kinds of disturbances. As the proportion of edge circumference to surface area becomes more unfavourable the smaller the size of the fragment, these edge effects are one of the main arguments in favour of larger, undisturbed protected areas.
In nearly four decades' worth of fi eld studies at the BDFFP site, researchers have recorded a wide variety of edge effects. Most trivially, the open fl ank of a newly created clearing leaves the remaining forest more vulnerable to wind and weather. Wind shear and turbulence forces on the forest edge lead to a higher tree mortality. Desiccation caused by the inferior water retention capacity of the clearing adds to the damage. In comparison to trees, grasses and crops have smaller leaf surface and shallower roots, meaning that they can recycle a smaller fraction of the rain water coming in (evapotranspiration). Research has shown that the drier air above a clearing can then suck the moisture out of the adjoining forest and cause desiccation penetrating hundreds of metres deep into the forest. Recent satellite measurements of moisture in the canopy even indicate that the effects can still be felt 2.7 kilometres away from the nearest forest edge.
Over the years of the observations, these factors have led to changes in the species composition of the areas near the edges. Long-lived, slowgrowing trees become less prominent, and fast-growing plants like lianas take over. To a certain extent, this change in composition, combined with the opportunity for lateral growth, can help to seal the surface of the forest fragment and thereby protect it from further damage from the microclimate. Wind tunnel measurements suggest, however, that even the mature edge remains vulnerable to storm damage. forests near the edge means that manmade fi res can spread more readily in the forests.
Roads across forests, such as those built to supply construction sites of new hydroelectric dams (Curr. Biol. (2016) 26, R779-R782), are often observed to become nuclei of deforestation, as hunters and loggers like to use them for illegal activities.
Other reasons why small fragments support less biodiversity than larger ones include the sample effect as well as the critical habitat size required by some species. The sample effect is based on the observation that many of the species in the tropical forest are dispersed quite thinly, such that a smaller fragment, when it becomes isolated from the bulk forest, may not contain a suffi ciently large population of the species to make it viable in the long term. This, along with other small and random effects, explains why the composition of some of the very similar fragments in the study diverges signifi cantly over the years.
Critical size effects are already known from island biogeography, with the key difference here being that the clearings between the forest fragments may in certain circumstances represent a less effi cient barrier than the water between islands. Therefore, the study of the fragments also had to take into account the land in between, called the matrix.
The matrix
The land between the forest fragments of the BDFFP site was initially used for cattle and thus kept clear of forest regrowth. However, after 1988, the loss of government incentives and the generally poor productivity of the ranches led to their demise. Since then, some regrowth in the matrix has softened the isolation of the forest fragments.
Small differences in the starting conditions of the land have sent different parts of it on different itineraries. Some parts of the matrix land were initially cleared and burned, while others, due to wet weather conditions at the time scheduled for the clearance, were cleared without the use of fi re.
Initial regrowth on the land was dominated by Vismia shrubs in the areas that had been burned, but by Cecropia tree species in the other parts. After the demise of the cattle farms, the Cecropia-dominated land developed These changes also affect the animals of the forest in various ways. Some are threatened, others benefi t from the new structures. Ricardo Rocha from the University of Lisbon, Portugal, has studied these effects for the numerous species of bats prevalent in the forests (Landscape Ecol. (2017) http://dx.doi. org/10.1007/s10980-016-0425-3). He found, for instance, that predatory bats tend to decline near the edges, while some species of frugivorous bats benefi t from the disturbance.
If several edges are nearby, the disturbances may add up, which explains that fragments of less than 10 hectares in area and those with very irregular shapes suffer signifi cant alterations. Even relatively narrow cuttings for roads with no more than 30 metres clearing width can have severe edge effects on both sides.
While the continuous presence of researchers at the BDFFP site has protected the forest fragments from many of the man-made disturbances seen elsewhere in the tropics including fi res, illegal logging and hunting, edges and roads are generally known to expose forests to these threats. For instance, the observed desiccation of Current Biology 27, R681-R701, July 24, 2017 R683 secondary, species-rich forests with tall trees of up to 20 metres in height, while the Vismia-dominated land recovered much more slowly.
As part of the fragmentation studies, some additional clearing was carried out to maintain the isolation of the fragments. Typically, strips of 100 metres width were cleared around each fragment to afford well-defi ned isolation conditions.
Studies conducted at the BDFFP site show that the nature of the matrix is a key factor in determining how strongly the ecosystems in the fragments are disturbed. If the area is kept clear for agriculture, for instance, it can be an insurmountable barrier for many animal species. Experiments with understorey insectivorous birds have shown that some of these species can be forced to cross a road clearing of some 50 metres width, but not a pasture of 250 metres width. Even modest amounts of regrowth can reduce that barrier and also soften the edge effects in the forest fragments.
As these differences also affect the movement of pollinators, the composition of the matrix can also infl uence the plant communities in the fragments. Thus, the species composition differs markedly in fragments surrounded by Vismiadominated (post-burning) matrix and those surrounded by Cecropia regrowth.
Beyond the immediate surroundings of forest fragments, regional and global effects can also exacerbate the problems that forest ecosystems face. As mentioned, the desiccation of the air over clearings can threaten the water supply of the forest. On the regional level, some researchers have warned that the entire hydrological system could be threatened by forest fragmentation, which would have severe economic consequences reaching as far as Argentinian cattle ranches, which depend on the Amazon's water pump as a vital ecosystem service (Curr. Biol. (2011) 21, R525-R527).
Moreover, the desiccation makes forests more vulnerable to fi res which in turn can produce a feedback loop by interrupting cloud formation, leading to region-wide drought conditions. How the shrinking forests will interact with global change can only be predicted by large-scale modelling, which so far has yielded contradictory results. Some studies predicted hotter, drier conditions with catastrophic forest losses, while others were less pessimistic. One crucial factor to be considered is to what extent the higher CO 2 concentrations in the atmosphere will promote plant growth and facilitate water retention (as plants can reduce the time they have to open their stomata for CO 2 fi xation at the risk of water loss).
Extreme climatic events are another crucial factor. They are known to become more frequent due to climate change, but are still diffi cult to classify and quantify (Curr. Biol. (2017) 27, R623-R625). One key advantage of the long timeframe covered by the BDFFP observations is that it includes both rare events (such as the 1997-1998 El Niño which severely impacted the Amazon) along with a reliable baseline of normal weather variation.
Overall, the BDFFP observations running for nearly four decades now have become a unique opportunity to better understand the effects of deforestation and of forest fragmentation by roads and other infrastructure developments, from the local to the regional level, and their interaction with global change.
Addressing the initial question about the size of reserves, Laurance and colleagues conclude in their review that reserves should be large and numerous. A good size likely to maintain natural ecological processes and balances would be 10,000 km 2 , or an undisturbed square plot of 100 kilometres side length. However, recent political developments in Brazil suggest that the number of such functioning reserves may be about to shrink rather than expand.
Political pressures
Over the last few decades, Brazil has been at the forefront of deforestation and the fi ght to reduce it and save the tropical forests. Illegal land clearing that was later regularised with a little fi nancial encouragement paid from the gains made on the new agricultural land has been a long-running problem in Brazil throughout the 20 th century both under the military dictatorship of and then under president José Sarney.
Brazil led the world in the deforestation statistics, and saving the Amazon rainforest became the battle cry of the environmental movement. Good intentions were shown at the 1992 Earth summit in Rio, and some nature reserves were created, but as a recent investigation from the British Sunday paper The Observer has shown, some of them only exist on maps and have failed to deter the land grabbers.
Only after the millennium, under the president Luiz Inácio Lula da Silva (2003 Silva ( -2011 did state controls manage to brake the march of forest destruction. Using satellite technology and ground level control, the government authorities In June alone, Temer's party brought forward several pieces of legislation designed to remove forest protection and to facilitate the post facto legalisation of illegally occupied land. While the president has blocked one of the proposals and partially vetoed another, it appears that the measures may only be repackaged and introduced again, as Philip Fearnside has reported on the ALERT blog (http:// alert-conservation.org/). Generally, the impression is that the recent political turmoil in Brazil and the growing hunger for rapid economic growth at all costs is currently working against all attempts to save the rainforests.
Palm oil
After rubber, soy and beef, one relatively new factor in the Brazilian equation is palm oil, which has previously been linked to deforestation in Indonesia but not in Brazil. Theoretically, however, Brazil has the world's largest reserve of land that could be used for palm oil production, according to an analysis by Johannes Pirker and colleagues at the International Institute for Applied Systems Analysis, Laxenburg, Austria (Global Environ. Chang. (2016) 40, 73-81). With the weakening legal protection of the Amazon forests, there is a risk that Brazil will further expand in the lucrative palm oil sector at the price of accelerating deforestation.
Sustainable palm oil protection could be achieved on lands that are already in agricultural use, if farmers make the switch from other crops or cattle ranching to growing oil palm, as Rhett Butler from the environmental website Mongabay has suggested. This could make Brazil independent of palm oil imports and improve the economic viability of some agricultural regions.
However, many fear that the riches promised by the global demand for palm oil may lead to a new acceleration of forest losses, as they already did in Indonesia.
What can be done?
While the BDFFP and other environmental and ecological research in the Amazon have given us a very detailed impression of the vulnerability of this crucial ecosystem and of the consequences that the loss of its ecosystem services could have, these insights clearly aren't fi ltering through to a political leadership that ranks questions of power and money higher than the survival of our natural environment.
When money talks, they may be more willing to listen, however. Norway has under international schemes like REDD paid substantial sums to Brazil in return for commitments to forest protection. In a letter to his Brazilian colleague, Norway's environment minister Vidar Helgesen has expressed concern over the renewed trend towards accelerated deforestation. A further increase could mean that payments from Norway would cease.
As president Temer is himself already under investigation for corruption claims and was offi cially charged on June 26, Brazil's political future is uncertain. Nobody knows what, if any, protection the forests can expect from future governments, even though science has shown that further deforestation and fragmentation risks not only destroying the biodiversity but also the region's weather system and thereby the viability of its agriculture.
Michael Gross is a science writer based at Oxford. He can be contacted via his web page at www.michaelgross.co.uk managed to slow down the decline of the Amazon signifi cantly. Brazil thus earned respect in international environmental efforts such as REDD and was held up as an example to other countries that have shrinking tropical forests, such as Indonesia.
However, under Lula da Silva's successor, Dilma Rousseff (2011 Rousseff ( -2016 , the agriculture lobbyists, known as ruralists, and their calls for more land to be cleared for the production of soy and beef became more infl uential again. In 2012, Rousseff relaxed the main legislation against forest clearing, and observers have estimated that deforestation rates have increased by 75% since then. According to 2016 fi gures showing an annual loss of 8,000 km 2 forest area, deforestation now proceeds at more than twice the rate that Brazil had pledged to achieve by 2020 in international climate talks.
After Dilma Rousseff was impeached in August 2016, the former vicepresident Michel Temer from the conservative party became president. First indications are that he is about to allow even more deforestation than Rousseff. He has appointed several agriculture lobbyists to government positions and cut back the funding of FUNAI (Fundação Nacional do Índio), the government offi ce for indigenous rights. In Brazil as elsewhere, strong support for indigenous land rights has
